Three new tetrahydroanthracene antibiotics have been isolated from modified culture broths of Streptomyces spectabilis. The new compounds, spectomycins Al, A2 and Bl, exist as monomeric (C20H20O7, Al; C19H18O7, A2) and as symmetrical dimeric (C38H34O14; Bl) forms. Only spectomycin Bl has moderate activity against Gram-positive microorganisms. Wereport here the structure elucidation and biosynthetic origin of these compounds.
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During our ongoing studies of the biosynthesis of the streptovaricins,1) it became necessary to develop a mediumthat was suitable for the production of mutants of S. spectabilis. Wefound an appropriate, soluble synthetic growth medium that supported high production and growth profiles of the organism, but bioautography of the fermentation extracts indicated that the bioactivity vs B. subtilis was not due to the production of any knownstreptovaricins. Instead, the activity was associated with two series of new, unidentified metabolites whose structures have been determined by spectral and chemical methods. We report here the structure elucidation of the first series of compounds, which we have trivially named spectomycins Al, A2, and B2 (la~c).2) These compounds, which proved to be members of the aureolic acid class of antibiotics, are most closely related to julimycins3 '4) and exist as a mixture of monomeric and dimeric species. The second series of bioactive metabolites (deoxymonamycins)2) will be reported separately.
Results
Detection and Isolation A numberof synthetic and semisynthetic media were screened for the production of bioactive components by dipped disk assay vs B. subtilis. The filtered culture broth and an ethyl acetate extract of the broth (2.5-fold concentration of the organic extract versus the culture broth) were assayed separately. Antimicrobial activity was detected in most of the culture broths, but organic-extractable activity was la Spectomycin Al (R=CH3) lb Spectomycin A2 (R=H) lc Spectomycin Bl DEC. 1994 observed only in Medium I (1.0% glucose, 1.0% (NH4)2SO4, 0.35% NaCl, 0.25% K2HPO4, 0.15% KH2PO4, 0.01% CaCO3, and 0.01% Na2S -9H2O in tap water) and Medium II (Medium I supplemented with 0.5% yeast extract (DIFCO)). Production of the organic-extractable activity commencedat 48 hours after inoculation and persisted until the culture was worked up at 140 hours after inoculation. Although good production of streptovaricins was noted by TLCof the extract from MediumII, none could be detected in the extract from MediumI. Bioautography of the extract from MediumI (silica gel, chloroform-methanol, 9 : 1) vs B. subtilis indicated a large zone of activity from Rf 0.4 to 0.6, but this activity could not be attributed to the production of any knownstreptovaricin components. A large-scale fermentation was conducted in 200 liters of MediumI. The whole broth was extracted at the final pH 3.9 with ethyl acetate (3~4 liters per 12-liter batch of beer). The combined extracts were concentrated to 500 ml and partitioned with 5% aqueous sodium bicarbonate. The aqueous layers, after acidification and re-extraction, provided a mixture of crude carboxylic acids that was separated by chromatography on silica gel and Sephadex LH-20. Three main components were collected: la (9. 1 mg), lb (120mg), and lc (324mg). The dimeric compound lc showed an MIC of 2jug/ml against B. subtilis by dipped disk assay, but was inactive against E. coli, S. cerevisiae, and P. atrovenatum. The compound demonstrated complete viral inhibition against Herpes simplex virus I (HSV-I) at 100 /jg/ml. In its antiviral activity it resembled the more active crisamicin Al.5) The monomeric compounds la and lb showed no activity in the assays.
Structure Elucidation
The structures of the compoundswere determined in part by spectral analysis, particularly long-and short-range 1H-13C heteronuclear correlations (attached proton test and HETCOR), and were confirmed by chemical conversions. An HREI mass spectrum for lb provided a molecular ion at m/z 358.1060 (C19H18O7, zl0.3 mmu), implying eleven degrees ofunsaturation. An HRFABmass spectrum of lc provided a molecular ion (M+H) at m/z 715.2039 (C38H35O14, A1.2mmu), which is consistent with a symmetrical dimerization oflb {i.e., 2 x 358-H2). The 360-MHz *H NMRspectral data for each of the spectomycins singlet was observed at 6.89ppm. Twosinglets at 5.50 and 5.48ppm were thought at first to correspond to two olefinic resonances, but a heteronuclear correlation experiment indicated that the proton at 5.50 ppm was actually an aliphatic methine proton with a very odd, down field chemical shift (vide infra). Also observed were resonances for O-methyl (3.72 ppm) and C-methyl (1.43 ppm) singlets, a pair of AB doublets (3.05 and 2.82ppm), and two phenolic hydroxyls (9.75 and 16.10ppm). The chemical shift at 16.10 ppm suggested a strongly chelated hydroxyl proton from the enol form of a 1,3-diketone or a peri-hydroxy naphthoquinone. The infrared spectrum (1682 cm" 1) and acidic behavior of the compound suggested the presence of a conjugated carboxylic acid, although the proton for this functional group was not observed. In all, the *H NMRspectrum could account for a total of sixteen of the eighteen protons, and another two protons (-OH and -COOH) may have been buried in the baseline. The lack of additional coupling information did not permit assignment of further structural units. The 13C NMRspectrum of lb showed resonances for a ketone (202.4ppm), an acid (172.9ppm), and the a-carbon of an enol methyl ether (174.4ppm). An olefinic carbon far up field at 95.1 ppm was assigned to the /^-carbon of the enol ether. In addition, ten resonances for aromatic-type carbons, two of which were phenol-bearing carbons (165.4 and 158.0 ppm) and four of which were substituted by hydrogen (132.7, 118.4, 118.0 and 111.5ppm) , implied a naphthalene ring system with two oxygen and two carbon substituents.
An aliphatic methine carbon (50.3ppm), a methylene carbon (49.4ppm), an O-methyl (56.4ppm), a C-methyl (28.9 ppm), and an oxygen-substituted quaternary carbon (72. 1 ppm) accounted for the remaining resonances, for a total of nineteen carbons. The naphthalene ring, ketone and carboxylate carbonyls, and the enol ether accounted for ten of the eleven degrees of unsaturation, suggesting the presence of another ring.
Unequivocal assignments for the resonances could be obtained from short-range and long-range DEC. 1994 heteronuclear correlations. Assignment of the short- (49.4ppm), and quaternary (72.1 ppm) carbons. Both of the methylene protons (3.05 and 2.82ppm) and the aliphatic methine proton (5.50 ppm) were also correlated with the quaternary carbon. Hence, an aliphatic carbon frameworkconsisting of a quaternary carbon attached to a methyl, a methine, a methylene, and an oxygen substituent could be constructed. Because the methine proton at 5.50 ppmwas correlated with the aromatic carbon at 134.0ppm, and the methylene protons with the ketone carbon at 202.4ppm, Fragment A can be drawn.
Further evidence includes correlations between the two phenolic hydrogen at 1 6. 1 ppmand the aromatic resonances at 109.1, 1 12.9, and 165.4ppm, and the other phenolic hydrogen, at 9.75 ppm, with the carbon resonances at 111.5, 112.9, and 158.0ppm. Since the phenolic hydrogen at 16.1ppm must be hydrogen-bonded to the ketone, Fragment B is implied. All of the relevant long-range correlations are summarized in Scheme1. Froma few remaining correlations and proton coupling systems the entire tetrahydroanthracene ring system can be constructed, with the 3-carbon sidechain assigned as the substituent at C-4 by default. The methoxyl (correlated with the disubstituted olefinic carbon at 174.4ppm) and the olefinic proton, on the olefinic carbon at 95.1 ppmand not coupled to H-4, must be on opposite ends of the double bond. The carboxyl group must then be attached to the^-position of the enol ether group, as shown, and this is supported by the chemical shift of the olefinic /?-proton at 5.48 ppm. The final proposed structure for the monomericcompoundis shownas lb. The stereochemistry of the ring substituents and that of the olefinic double bond have not yet been rigorously determined. The structures for la and lc follow from a comparison of their spectral features with those of lb. Compound la contains one extra O-methyl group relative to lb as evidenced by EI-MS (molecular ion at m/z 372), by the extra (9-methyl resonance at 4.02ppm in the *H NMRspectrum, and by the 0-methyl signal at 56.1 ppm in the 13C NMRspectrum. The methyl ether is located at C-8 because the strongly chelated enolic hydrogen of a 1,3-diketone (H-9) is still observed at 16.1 ppm in the 1H NMRspectrum.
The structure of 1c is assigned as a symmetrical dimer lb. A FABmass spectrum of lc indicated an M-fH ion at m/z 715 (i.e., M=714=(2x358, lb)-2H). All of the resonances for the two compounds are the same, with the exception of one fewer aromatic proton in the proton spectrum of lc: the resonance for H-7 in lb (at 6.83, furthest up field of the four) is missing for lc, and slight downfield shifts for H-5 and H-6 (both now doublets) are observed. In addition, a down field shift to 121.0ppm for the resonance for C-7 is observed in the carbon spectrum of lc.
Chemical Conversions Treatment of lb with ethereal diazomethane leads to a mixture of three products, the major one (2) being derived from the addition of two methyl groups (EI-MS, m/z 386). By proton and carbon NMR, the newmethyl groups can be assigned as a methyl ester and a methyl ether. That the methyl ether is located at C-9 is indicated by the lack of a strongly hydrogen-bonded phenol resonance at 16.1 ppm in the *H NMRspectrum of the compound, as well as by the large change in the chemical shift of the C-l carbonyl resonance (to 195.4ppm) . The position of this methyl ether is, therefore, quite distinct from that of the methyl ether in the natural product la. The other two products of the reaction were not well characterized.
Treatment of lb with methanol and catalytic sulfuric acid resulted in the formation of a single compound (3) that proved to be a dehydration product (EI-MS, m/z 340). Because the resonance for the H-4 proton disappears and the resonance for the C-3 methyl group shifts down field to 1.62ppm, the dehydration has occurred across the C-3, C-4 bond. Tautomerization of the ketone to the enol (providing an anthracene skeleton) does not occur.
Acetylation of lb with acetic anhydride and triethylamine, followed by aqueous extractive workup, provided a monoacetate (4) . That the acetyl group was introduced on the C-3 hydroxyl is evidenced by the retention of both phenol resonances at 16.1 and 9.8 ppmin the proton NMRspectrum and by a slight down field shift of the C-3 methyl group to 1.46ppm. Upon attempted purification of the compound by silica gel chromatography, the acetate was converted to the same compoundobtained from the methanolysis reaction (3).
Attempted cleavage of the <9-methyl ether of lb with acetic acid and 48% aqueous hydrobromic acid provided an unstable, acidic compoundwhich showed by FAB-MSa highest-mass fragment ion at m/z 282 (M -CO2). Attempted purification by silica gel chromatography led to the quantitative conversion of the original product into a nonpolar compound which showed a molecular ion (FAB-MS) at m/z 283 (M + H). This sequence of reactions is consistent with an acid-catalyzed dehydration and cleavage of the methyl enol ether to the /?-ketoacid 5a, which then decarboxylates to provide the methyl ketone 5b. DEC. 1994 Finally, a reduction of la with sodium borohydride in methanol, followed by a mildly acidic workup, provided the anthracene derivate 6b. The product presumably arises from reduction of the ketone to the dihydroxy compound 6a, followed by a double dehydration to the anthracene 6b.
Biosynthetic Studies S. spectabilis was grown as described above in 5 liters of MediumI in a jar fermentor. Sodium [l,2-13C2]acetate (700mg, 90% 13C) was dissolved in 20ml of water, sterilized by membrane nitration, and fed to the culture in two equal portions at 31 and 58hours after inoculation. At 72hours, the fermentation was worked up as described above to provide 53mg of lb and 47mg of lc (along with another lUUmgol partially purified 1c). The XJC NMRspectra of both compounds showed the 13C-1 3C coupling patterns expected for intact incorporation of acetate units into a nonaketide biogenetic Scheme 2. Incorporation of [1,2-13C2] acetate into lb andlc. precursor, as summarized in Table 3 . A similar experiment was done with sodium [1-13C] acetate (615 mg in two equal portions at 48 and 60hours after inoculation), providing 9.8mg of lb and 2.1 mgof lc. The enrichment factors observed in the 13C NMRspectrum for lb are also summarized in Table 3 . The incorporation pattern summarized in Scheme 2 provides additional evidence for the proposed structure, as the carbon skeleton can be traced from well-established carbon signal assignments by pairing signals with identical coupling constants. The only unlabeled carbon signal (the 3'-OMe carbon) should be derived from the 5-methyl of methionine. The dimeric structure presumably arises from two monomericspecies via oxidative phenolic coupling.
Experimental
General Methods *H and 13C NMRspectra were obtained on either a General Electric QE-300 at 300 MHzor a Nicolet NT-360spectrometer at 360 MHz.Heteronuclear correlation experiments were obtained on a General Electric GN-500 spectrometer at 500 MHzwith the software (CSCMand CSCMLRexperiments) supplied by the manufacturer. IR spectra were obtained on an IBMIR-30S Fourier transform spectrophotometer, and UV spectra on a Perkin-Elmer Lambda 3UV spectrophotometer. EI-MS was performed on a Finnigan-MAT CH5 instrument at 70 eV and FAB-MSon either a VGAnalytical ZAB-SEor a VG70-SE 4F four sector instrument with xenon fast atom gun using a dithiothreitol-dithioerythritol matrix ("Magic Bullet").6) Melting points were obtained on a Reichert hot stage melting point apparatus. Optical rotations were obtained on a JASCODIP-360 digital recording optical rotation instrument in 100-mmcells. Sodium [l,2-13C2]acetate was purchased from ICN Biomedicals, and sodium [1-13C] acetate from MSDIsotopes. Thin layer chromatography was on silica gel plates with indicator (0.25 mm, Kieselgel 60 F-254, Merck, Darmstadt). Silica gel for chromatography (40~63 //m) was purchased from Merck, and Sephadex LH20 was obtained from Pharmacia.
Culture Conditions S. spectabilis (UC 2294) was maintained in soil stocks and agar slants (10.0g of maltose, 5.0g of DIFCOtryptone, 1.0 g ofK2HPO4, 1.0g ofNaCl, a trace of FeSO4, and 15.0g ofagar per liter of distilled water). A seed culture in 100ml of Medium III (20.0g of Sheffields NZ-Amine B, 10.0g of glucose, 2.5 g of K2HPO4, 1.5g of K2HPO4, and 10.0ml of La Choy soy sauce per liter of distilled water) in a 500-ml wide-mouthed Erlenmeyer flask was inoculated with a few grains of soil stock and incubated at 32°C and 250rpm in a NewBrunswick G-25 rotary incubator for 48 hours. A 10.0-ml aliquot of the seed medium was then inoculated into 10 liters of synthetic Medium I in a 14-liter glass jar (New Brunswick Microferm), and incubated at 30°C with 250 rpm agitation and an aeration rate of 5 liters/minute for 4 days. The entire culture broth was then inoculated into 200 liters of Medium I in a 250-liter New Brunswick fermentor at 30°C, with 250 rpm agitation rate and 100 liters/minute aeration rate, and incubated for 8 days.
Isolation and Purification By the end of the fermentation the pH had dropped to 3.9. The whole beer was batch-extracted with ethyl acetate (2 x 3.0 liters per 12-liter batch). The combined organic extracts were concentrated to 500 ml by rotary evaporation at 40°C, washed with water (200 ml), and back-extracted with 5% sodium bicarbonate (4 x 100ml). The combined bicarbonate layers were reacidified to pH 4.0 with 6n hydrochloric acid and extracted again with ethyl acetate (3 x 200 ml). The combined organic layers were washed with water (50 ml) and brine (2 x 50ml), then dried (Na2SO4). After removal of the ethyl acetate, the crude, dark brown extract was dissolved in 20 ml of chloroform and flash chromatographed on silica, from which the main yellow band was eluted with chloroform -methanol, 9 : 1. After evaporation of the solvent, the residue was dissolved in 35ml of chloroform, applied to a column of , and eluted with a chloroform -methanol gradient. Three main bands eluted at 1,000 ml of chloroform (fraction A), 1,500 ml of chloroform (fraction B), and 500ml of 95 : 5 chloroform -methanol (fraction C).
